directional diffuser should be used so that the 3 primary colors are evenly mixed. When the color filters are aligned in the horizontal direction, which holds for most of the commercial display panels, a horizontal diffuser causes mixture of the left-eye image and the right-eye image, which destroys stereoscopy. To overcome this problem, Okada et al. have proposed a time-division quadruplexing slanted barrier system with a slanted directional diffusion so that the moiré may be erased without destroying stereoscopy even when the color filters are aligned in the horizontal direction 18) . With this optical alignment, the barrier can be shifted by subpixel unit. Subpixel-based control can also be used to change the slit width adaptively 19) .
Introduction
Parallax barrier is one of the simplest and the most well-known methods to realize stereoscopy without wearing special goggles. In the conventional parallax barrier systems, however, the viewing zone maintaining stereoscopy is narrow, and the resolution of the image is lower than that of the two-dimensional displays. The other way to realize full resolution autostereoscopy is time-division multiplexing parallax barrier, which is attainable with thin optics 11)12) . The whole information of the stereo pair is divided into two frames by resolution, where one frame shows half the resolution of each view as usual, and the next frame shows the other half by shifting the phase of the barrier pattern and the image pattern. To suppress flickers, 120 Hz refresh rate is necessary to ensure that each eye perceives the full resolution image at 60 Hz. In addition, head-tracking technology widens the viewing zone 13)- 16) . By monitoring the position of the viewer, the image or the barrier pattern is adjusted accordingly to move the sweet spot so that it always follows the position of the viewer and keeps correct autostereoscopy.
To ensure a wider viewing zone, Zhang et al. have proposed time-division quadruplexing parallax barrier 17) .
In this system the same image is delivered to 2 of the 4 viewpoints, which suppresses emergence of crosstalk when each of the viewer's eyes is positioned between the two viewpoints showing the same image.
To suppress moiré caused by the layered panels, a Fig. 4 (a) . To reduce the moiré, a directional diffuser that diffuses light in the horizontal direction should be placed between the two LCD panels so that the three primary colors may be evenly mixed. However, the diffusion in the horizontal direction causes mixture of the left-eye image and the right-eye image, which results in collapse of stereoscopy as shown in Fig. 4 (b) .
Time division quadruplexing barrier
The other problem is crosstalk that appears when the viewer moves fast, which is caused by rough adjustment of the viewing zone in the conventional system.
Proposed method

3-1 Slanted parallax barrier
When the color filter is aligned in the horizontal direction, moiré can be suppressed without destroying stereoscopy by inclining the directional diffuser as shown in Fig. 5 18) . (It is well-known that slanted directional optics can remove the moiré that appears in the lenticular lens-based autostereoscopic displays 21) .) The inclination angle of the parallax barrier and the diffuser θ should be set so that 
3-2 Phase shift of barrier
In the conventional subpixel-based parallax barrier system 18) , the phase of the multiview image pattern is shifted, which causes emergence of noise on the line where the phase is shifted (Fig. 7) . In this paper we propose subpixel phase shift of barrier instead to avoid the emergence of noise. Then we evaluate the viewing zone of the proposed system.
In the following discussion we use the same panel for the parallax barrier and the image display, which means that the pixel pitches are the same. Also note that the diffuser does not affect the optical path in the horizontal direction when we use a directional diffuser that works only in the vertical direction. Therefore we ignore the effect of diffuser in the following discussion. The effect of diffuser inclination is discussed later.
When the viewer is infinitely far away from the display panel, the observer can see the entire image of 
3-3 Calculation of viewing zone
Viewing zones of the autostereoscopic displays 
holds when D is far larger than d.) We should also consider the pixel aperture ratio α, which is usually less than 1. By taking both effects into account, the viewing zone becomes 2α times as shown in Fig. 15 . Therefore, the overlap of the viewing zones given by neighboring slits is written in the form Figure 16 shows the actual viewing zone that reflects the effect of the overlap. From this figure, ∆L, ∆R and ∆Eye considering the pixel widths of both panels and the pixel aperture ratio α are given by Depth of the viewing zone is calculated based on equations (5) and (6) . To avoid crosstalk, interpupillary distance P should be larger than ∆Eye and smaller than ∆Eye + ∆L + ∆R. Therefore viewing zone is secured at depth D when the inequality holds. By transforming this inequality, the range of viewing distance is obtained as follows:
Experiment 4-1 Prototype system
To confirm the validity of the theory in the previous section, we made a prototype system. The device components we used are listed in Table 1 . The same LCD panels placed at 6 mm interval were used for the parallax barrier and the image display panel. The picture of the prototype system is shown in Fig. 17 . In the prototype system, the diffuser was inclined to the left.
4-2 Evaluation of viewing zone
We measured the viewing zone of the prototype system to verify equations (5) Tables 2 and 3 show some of the pictures taken at 690 (8) (7) ITE Trans. on MTA Vol. 6, No. 3 (2018) 242 Table 1 Components of prototype system.
Table 3
Observed images at D = 900. Though the aperture ratio larger than 1 may seem strange, it can happen when the barrier is slanted. As   Fig. 19 shows, the inclined slit composed of discrete pixels can cause the aperture ratio larger than 1. This is the negative effect of the inclined diffusion we ignored in [mm] are obtained from Table 3 . By substituting these values into equations (5) and (6) 
4-3 Expansion of viewing zone
To attain a deeper viewing zone, subpixel-based control of slit width in accordance with the position of the viewer is effective 19) . To be concrete, thin slits composed of two subpixels are used when the viewer goes farther and thick slits composed of four subpixels are used when the viewer comes closer as shown in Fig.   20 . The multiview image to be displayed on the front panel is shown in Fig. 21 , where the left-eye image is depicted on pixels A and B, while the right-eye image is depicted on pixels C and D. We implemented the adaptive control of slit width to the prototype system. Table 6 shows the pictures taken from the left eye viewpoint and the right eye viewpoint (63 mm apart), both of which are 48 cm in front of the screen. Here a white image is shown to the left eye and a black image is shown to the right eye. As shown in the table, completely white and black images without stripes can be observed when the slit is composed of 4 subpixels, while stripe noise is observed when the slit is 3 subpixel wide. Table 7 shows the pictures taken from the viewpoints 132 cm in front of the screen. As shown in the table, images without stripes can be observed when the slit is composed of 2 subpixels, while stripe noise is observed when the slit is 3 subpixel wide.
4-4 Evaluation of crosstalk
So far we have only considered the crosstalk due to leakage of image based on geometrical optics. Here we evaluate the overall crosstalk including the effect of diffraction and incomplete time-division. The overall crosstalk is measured with a luminance meter. We used Kaise digital light meter KG-75, whose accuracy is ± 6% ± 3 digits. Table 6 Observed images at D = 480.
Table 5
Viewing zone obtained when the slit width is changed. where Table 9 .
The crosstalk is maintained low by changing the slit width adaptively. Note that the crosstalk level is the lowest when 4 subpixel slit is applied at the near viewpoint, which is a reasonable result because the effect of diffraction is decreased when the slit is wider.
Discussion
In this paper we have used a pair of color LCD panels to constitute the time-division multiplexing parallax barrier system. Ideally, however, the back panel that shows the barrier slits should be a monochrome display panel without color filters. By using a monochrome LCD panel that attains 120 Hz refresh rate, which is not commercially available at this moment, the presented image can be brighter without using a high power backlight. Also the moiré, which is reduced by the diffuser, can be further suppressed. In this case slanted directional diffusion is not required and the pixel aperture ratio can be less than 1, which expands the viewing zone without crosstalk. In this way, further improvement is possible if proper devices are prepared and integrated into the system. Though the width of slits is changed only from 2 subpixels to 4 subpixels in this paper, it can be composed of more subpixels. When the distance between the two panels is enlarged and the slits composed of more subpixels are used adaptively, limitation of viewing distance can be eliminated substantially.
Conclusion
By introducing the subpixel phase shift to time division multiplexing slanted parallax barrier system, full HD autostereoscopy with a wide viewing zone is attained. By introducing subpixel-based slit width control, the range of the viewing zone without crosstalk is expanded drastically. Theoretical viewing zone without crosstalk, which takes into account the pixel width and the pixel aperture ratio, is calculated. By (10) 245 Paper » Time-Division Quadruplexing Parallax Barrier with Subpixel-Based Slit Control Table 8 Crosstalk measured with a luminance meter. Table 9 Crosstalk at the near viewpoint and the far viewpoint.
measuring the viewing zone of the prototype hardware, validity of the theory is confirmed. It is also confirmed with a luminance meter that the overall crosstalk is kept low for a wide range of viewing distance by applying subpixel phase shift and subpixel-based slit width control.
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